The photoluminescence from strained Si 1Ϫx Ge x alloy quantum wells on Si͑100͒ has been measured from 6 to 300 K. It is shown that the high-temperature photoluminescence of Si 1Ϫx Ge x quantum wells can be increased by over an order of magnitude by passivation of the top silicon surface. Through experiments and a model, it is clearly demonstrated that the decay of the Si 1Ϫx Ge x photoluminescence at high temperature is controlled by surface recombination, not by an intrinsic property of Si 1Ϫx Ge x . By applying proper conditions, nearly constant Si 1Ϫx Ge x photoluminescence can be achieved from 77 to 250 K.
Recently there has been great interest in the photoluminescence ͑PL͒ of strained Si 1Ϫx Ge x alloys on Si͑100͒ substrates as materials for potential light emitters 1,2 as well as for characterization purposes. [3] [4] [5] [6] While most work has been performed at temperatures in the range 2-10 K, lately there has been increasing interest in luminescence at higher temperatures. [7] [8] [9] [10] This has been motivated both by the desire for high-temperature ͑e.g., room temperature͒ emitters and because luminescence at high temperature has appeared to be a more severe test of material properties. In this letter, we report clear evidence that the luminescence efficiency of Si/Si 1Ϫx Ge x /Si heterostructures at high temperature is controlled by surface recombination rather than by bulk Si 1Ϫx Ge x or Si properties. Proper surface passivation can increase the room-temperature Si 1Ϫx Ge x PL by an order of magnitude and can lead to Si 1Ϫx Ge x luminescence which is essentially constant in intensity from cryogenic temperatures up to 250 K.
All samples used in this study were grown by rapid thermal chemical vapor deposition ͑RTCVD͒ on 100 mm Si͑100͒ substrates. The Si 1Ϫx Ge x layers were grown from dichlorosilane ͑DCS͒ and germane at 625°C, and the Si was grown from DCS at 700°C. Further details of our growth system and conditions are available elsewhere. 11 The samples initially consisted of nominally undoped strained single Si 1Ϫx Ge x quantum wells on an undoped Si buffer and capped by approximately 25 nm of Si. Sample 1623 contained 30% Ge and was approximately 5 nm thick, while sample 1539 contained 20% Ge and was 15 nm thick. A piece of each sample was separately oxidized at 800°C for 10 min in a wet oxygen ambient resulting in about 10 nm SiO 2 . The samples were then cleaved, and a portion of each was stripped of oxide in dilute HF. In this way, the effect of the oxide could be experimentally separated from that of the thermal treatment. The samples with oxide will be referred to as 1623a and 1539a, while the stripped pieces will be referred to as 1623b and 1539b.
The photoluminescence spectra of each sample ͑1623a, 1623b, 1539a, 1539b͒ was measured from 6 to 300 K using a liquid nitrogen-cooled Ge detector and argon laser excitation. The pump power density was approximately 0.1 W/cm 2 . Figure 1 shows the evolution of the PL spectrum from sample 1623a ͑30% Ge with oxide͒ as a function of temperature. In the 6 K spectrum, the Si 1Ϫx Ge x no-phonon ͑NP͒ line and the TO and TA phonon replicas were observed, while no sub-band-gap luminescence 12 was observed. This is evidence of high quality, uniform material. Note, that only the phonon replicas are observed in the nonalloyed Si region of the spectra. Above 20 K, the luminescence was due to free excitons 4 ͑or an electron-hole plasma 13 ͒. In all cases the Si PL was at least 10ϫ lower in intensity than was the Si 1Ϫx Ge x PL in this temperature range, indicating that nearly all carriers excited by the pump were collected in the Si 1Ϫx Ge x well. Also note that in the 6 K spectrum, the Si TO replica has been cut off so as not to obscure the other spectra.
In Fig. 2 , we have plotted the integrated Si and Si 1Ϫx Ge x PL intensities of samples 1623a ͑30% Ge with oxide͒ and 1623b ͑without oxide͒ as a function of inverse temperature. The most striking feature of this figure is the precipitous rolloff of the Si 1Ϫx Ge x PL at elevated temperatures. The ''knee'' of the curve was clearly pushed to higher temperature ͑by ϳ40 K͒ by the oxide passivated top surface, and the Si 1Ϫx Ge x PL at high temperature was 10ϫ higher with oxide than without. The sample with its oxide removed behaved similarly to as-grown samples, showing that the surface passivation, not the thermal treatment, is responsible for the enhanced PL at high temperature.
A qualitatively similar temperature dependence of PL from as-grown Si 1Ϫx Ge x quantum wells with Si caps ͑i.e., sharply decreasing intensity at elevated temperature͒ has been observed by several other groups, 7-9 and a phenomenological model of this effect has been presented in Ref. 10 . The model is based on thermal equilibrium between the carriers in the Si and those in the Si 1Ϫx Ge x and yields a result for the integrated intensity of the Si 1Ϫx Ge x luminescence, I SiGe , At low temperature ͑TϽϳ150 K͒, nearly all of the carriers are trapped in the Si 1Ϫx Ge x so that the Si 1Ϫx Ge x luminescence is much stronger than that of Si, and the absolute intensity is controlled by the lifetime in Si 1Ϫx Ge x ͑a weak function of temperature͒. At elevated temperatures, the Si 1Ϫx Ge x PL begins to decay well before a majority of the carriers are in Si because the total number of carriers in the system decreases due to the very low effective lifetime in the Si. ␥ is a measure of the relative lifetimes in the Si 1Ϫx Ge x and the Si, and it is experimentally observed via the position of the knee in the Si 1Ϫx Ge x PL intensity versus 1/T curves.
The Si 1Ϫx Ge x data of Fig. 2 were fit to the model using ⌬E v ϭ210 meV in both cases, which is consistent with the change in band gap of 230 meV relative to Si as measured by PL at 6 K. For the oxidized piece ͑sample 1623a͒, ␥ϭ1.8ϫ10
5
; while for the piece with its oxide stripped ͑sample 1623b͒, ␥ϭ1.5ϫ10 6 . Of the factors in ␥, only Si could possibly be changed by stripping the surface oxide, so we can interpret these results as changes in the effective electron-hole pair lifetime in Si. Furthermore, given that the presence of oxide decreased ␥ by a factor of 8, we can assume that Si is determined by recombination at the top Si surface and that the recombination velocity of the Si/oxide interface is 8 times smaller than that of the Si/air interface. Thus, we conclude that the high-temperature luminescence efficiency in high quality Si/Si 1Ϫx Ge x /Si quantum wells is controlled by surface recombination.
An analogous expression to Eq. ͑1͒ for integrated Si PL intensity is
This expression predicts that the Si PL intensity will be constant at high temperature when all of the carriers are in Si and will decrease exponentially at low temperature. The measured Si intensity did not go to zero at low temperature, however, because most of the carriers were created in the Si substrate and cannot achieve their thermal equilibrium distribution instantaneously. The Si PL of sample 1623a ͑with oxide͒ did begin to increase with temperature near 170 K, but an unidentified phenomenon not included in our model appeared near 250 K and reversed this increase in intensity.
The integrated Si and Si 1Ϫx Ge x PL intensities for samples 1539a ͑20% Ge with oxide͒ and 1539b ͑without oxide͒ were measured as a function of temperature. Their behavior was qualitatively very similar to that of sample 1623 displayed in Fig. 2 . Again, the Si 1Ϫx Ge x PL from the sample with oxide rolled off at a temperature approximately 40 K higher than that of the sample without oxide. Because the Si 1Ϫx Ge x quantum well was less deep for the samples with only 20% Ge, the knee appeared at lower temperature, and the activation energy of the roll-off was smaller than in the case of the sample with 30% Ge. The Si 1Ϫx Ge x intensities were fit to the model using ⌬E v ϭ140 meV. Again, the parameter ␥ for the piece with oxide was smaller than that for the piece without ͑1.0ϫ10 4 vs 2.0ϫ10 5 ͒, indicating a passivated surface. Oxidization reduced the surface recombination velocity by a factor of 20 in this sample.
The ␥ values for sample 1539 are approximately one order of magnitude smaller than those of sample 1623. This is thought to be due largely to a longer Si 1Ϫx Ge x lifetime in sample 1623 which was also manifested by the greater absolute intensity of its low-temperature Si 1Ϫx Ge x PL. At low temperature when nearly all carriers are confined to Si 1Ϫx Ge x and surface recombination is not important, the limit of Eq. ͑1͒ yields I SiGe ϰ SiGe as one would expect. That the low-temperature Si 1Ϫx Ge x PL of sample 1623 ͑30%͒ was 4ϫ more intense than that of sample 1539 ͑20%͒ is consistent with a longer lifetime in sample 1623. This is not thought to be an intrinsic Si 1Ϫx Ge x property, rather it is more likely due to uncontrolled variations in trace nonradiative impurities in our samples such as oxygen introduced during growth.
The PL from sample 1623a ͑30% Ge with oxide͒ was again measured as a function of temperature but at a pump power density of about 10 W/cm 2 , two orders of magnitude higher than before. The temperature dependence of the integrated Si and Si 1Ϫx Ge x PL intensities at high pump power density were quantitatively very different from that at low pump power density. Figure 3 shows integrated PL intensity at high pump power density from sample 1623a as a function of inverse temperature. The low-temperature behavior was similar to that at low pump power density; the Si 1Ϫx Ge x PL was constant as a function of temperature and was more than an order of magnitude stronger than the Si PL. The behavior at high temperature ͑above 200 K͒, however, was strikingly different. Note that the Si 1Ϫx Ge x PL knee was pushed out to 250 K and that the Si PL intensity increased exponentially between 200 and 300 K. The high pump power data for Si 1Ϫx Ge x and for Si was fit simultaneously to the model with ⌬E v ϭ210 meV as before, but with ␥ϭ3.9ϫ10 3 ͑versus 1.8ϫ10 5 at low pump power density͒. Thus it appears that the effective lifetime in Si was increased, and the surface recombination rate decreased, by a factor of 46 at high pump power density ͑and presumably high carrier concentration͒.
While the physical explanation for this dramatic reduction in surface recombination velocity is not clear, surface recombination is known to be exponentially affected by band bending at surfaces.
14 High carrier concentrations would be expected to alter the shape of the bands and, hence, could affect the surface recombination rate, which we have shown controls the effective lifetime in Si. Further work is required to determine the extent of this effect.
In conclusion, we have definitively demonstrated that the high-temperature decay of the band-edge photoluminescence from high quality Si 1Ϫx Ge x quantum wells is determined by recombination at the top Si surface, not by a property of the Si 1Ϫx Ge x itself, and can be dramatically increased by surface passivation. Also, we have shown that the recombination velocity of the Si/oxide interface can be reduced at high pump power densities, resulting in undiminished Si 1Ϫx Ge x PL from 77 to 250 K in samples with 30% Ge. Our results suggest that this limit could be pushed to room temperature by employing higher Ge content films or by better passivating the top Si surface.
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